Background
Introduction other toxic entities, and the relative dearth of information on their biochemical profile commonly makes confirmation of a definitive causal agent problematic. Several reviews of the incidence and prevalence photosensitisation in livestock have been published [1, 4, [26] [27] [28] [29] [30] [31] . However, these have either focused on summarisation of diagnostic criteria [1, 8, 27, 31, 32] , emphasised particular aetiological agents or been restricted to certain geographical regions [3, 4, 26, 28, 33] . As such, although providing useful information to the clinician or epidemiologist, they are generally limited in their ability to determine outbreak patterns, the prevalence of the causative agents, their relationship to morbidity, and the mortality on a larger scale. The lack of a holistic approach to the study of photosensitisation therefore limits our understanding of its impact on livestock globally.
The objective of this study was, therefore, to review the global presentation of cases of photosensitisation in the scientific literature, published in the English language, and to determine potential trends in which causal agents worldwide that are most commonly associated with outbreaks of photosensitisation in livestock. A review of the literature, including both peer-reviewed and non peer-reviewed sources, was undertaken for a better understanding of photosensitisation across a number of key countries globally where a significant body of published case information could be obtained.
Methods

Database analysis, search, and selection criteria: Peer-reviewed articles
Eleven electronic databases [Pubmed, Web of Science, CAB Abstracts, Proquest, Sciquest, Trove, EthOS, BASE, Open Access and Dissertations, NDLTD, and the DART Europe E Theses Portal] were mined for peer-reviewed articles relating to cases of photosensitisation in livestock. All case reports were extracted regardless of year or language of publication. Searches included the period from 1900 to April 2018. Search keywords included 'photosensitisation' and / or 'photosensitization', 'photodermatitis', 'facial eczema', 'geeldikkop', 'dikoor', 'plochteach' or 'alveld' in the title. The Boolean operator "OR" was used to join terms. Language restriction was applied; articles published in languages other than English, or did not provide an abstract in English, were excluded from the search result. Reference lists of retrieved articles were reviewed to identify all relevant case studies or reports to maximise article retrieval. The PRISMA checklist is attached as Supporting Checklist.
The following selection criteria were then applied; the publication should: 1) be an outbreak report with photosensitisation as the main clinical sign or differential diagnosis; 2) relate to any species of livestock, including alpaca, camel, cattle, deer, donkey, goat, horse, llama, mule, pig, reindeer, sheep, and water buffalo; and 3) contain clinicopathological findings that confirm a diagnosis of photosensitisation. Quality assessment of individual peer-reviewed reports was not performed. In particular, an assumption made with respect to the peer reviewed articles was that the causal agent responsible for all reported outbreaks were correctly identified in the associated publication.
Exclusion criteria included: duplications of published articles; species other than domestic livestock; publications in which the full text or a detailed abstract was not available; and publications in which the diagnosis of photosensitisation could not be established over other differentials. Search and selection methodology for this study is summarised in Fig 1. 
Database analysis, search, and selection criteria: Non peer-reviewed articles
Although the reliability of the diagnosis and the utility of information in non-peer reviewed reports can sometimes be questionable, it was considered that non peer-reviewed reports could be useful as supplemental information to peer-reviewed data by providing careful data extraction and thus review of the evidence in each report was undertaken. Australia was selected as the sole country for analysis of non peer-reviewed information due to its well-established case reporting systems via Australian Government Administrative or GovernmentAccredited Animal Health Officers (District Veterinarians, Regional Veterinary Officers, and Biosecurity Officers). Reports from these sources are published either in Animal Health Surveillance Quarterly Report (AHSQR, http://www.sciquest.org.nz/ahsq) that cover outbreaks nationally in Australia, or in the 'Flock and Herd' case note series that cover outbreaks in New South Wales (NSW) (F&H, http://www.flockandherd.net.au, site maintained by Local Land Services in NSW). Non peer-reviewed case material was searched up to and including April 2018. Again, the same selection and exclusion criteria were applied as described above.
Extracted information from non peer-reviewed case reports included, but was not limited to, species; age; quantitative and qualitative information regarding proportion of the herd or flock affected; geographical and chronologic information; type of photosensitisation and clinical description; causative agents confirmed or suspected. The accuracy of the diagnosis and entirety of the report was reviewed by the authors to ensure consistency, and reports, where clinicopathological data or causality did not appear consistent with a diagnosis of photosensitisation, were excluded from the analysis. However, due to the lack of peer-reviewed process, the accuracy and reliability of non peer-reviewed reports were considered to represent a lower level of evidence than peer-reviewed ones.
Results
Following review of the peer-reviewed scientific literature, 78 reports presenting with a full text or detailed abstract were analysed (Fig 1) . Data on causal plant species or organisms; geographical location; type of photosensitisation (primary, hepatogenous, congenital, unknown); outbreak years; animal species; size of flock or herd, percentage of morbidity and mortality were extracted and tabulated. A summary of information presented in the peer-reviewed literature is shown in Table 1 .
Following review of the Australian non peer-reviewed scientific literature, 88 non peerreviewed Australian case reports with a full text or detailed abstract were identified for further review. Data on causal plant species or organism, country of outbreak, type of outbreak related to type of photosensitisation (primary, hepatogenous, congenital, unknown), animal species, size of flock or herd and percentage morbidity and mortality was extracted. Data contained in these reports was often less comprehensive than comparative peer-reviewed articles and information on the above criteria were extracted where available. A summary of information presented in Australian non peer-reviewed literature is shown in Table 2 .
Geographical distribution and species differentiation of photosensitisation outbreaks reported in the peer-reviewed literature
Photosensitisation outbreak reports were identified from 20 different countries in the peerreviewed literature (Fig 2) . The greatest number of reports were from Australia (20) , Brazil (20) , and the United States (11), followed by New Zealand (7), United Kingdom (7), South Africa (4), Iran (4), Norway (2), Turkey (2) and Malaysia (2), and 10 other countries with only one outbreak report each.
A prominent species predisposition was identified in these reports. Sheep were the most reported species in photosensitisation outbreaks globally, with 47.2% (42/89) reported outbreaks, followed by cattle (32.6%, 29/89) and horses (7.9%, 7/89). Other reported livestock species included the goat (4.5%, 4/89), buffalo (2.2%, 2/89), and one case each in the donkey, deer, mule, llama and pig (all 1.1%, 1/89).
Geographical distribution and species differentiation of photosensitisation outbreaks reported in Australia
The geographical distribution of case data in Australia was further examined by state. When peer-reviewed and non peer-reviewed reports were considered together, the highest number of outbreaks was observed in New South Wales and Victoria (33 reports each), followed by Queensland (15 reports), Western Australia (15 reports), Tasmania (9 reports), and South Australia (4 reports) (Fig 3) . There was no photosensitisation case report from the Northern Territory. Panicum spp., P. chartarum and T. terrestris were clearly represented as causal agents with 12, 4, and 4 cases reported respectively. However, Lantana spp. (15 reports) and Cynosurus echinatus (9 reports) are also prevalent within specific geographical locations (Lantana spp in Queensland and C. echinatus in Victoria, Table 2 ).
As observed in global cases, a similar species predisposition, or reporting bias, was observed in reports from Australia. Sheep and cattle presented as the most frequently reported livestock species in photosensitisation outbreaks in Australia. Over 54% (40/74) of reported outbreaks concerned sheep, 43.2% (32/74) cattle, with the remaining outbreaks horse and goat (1 case only in each species).
Prevalence of category of photosensitisation in livestock and aetiological agent, a global analysis
In all peer-reviewed articles examined, 68.5% (61/89) reported cases were suspected or confirmed to be cases of hepatogenous (Type III) photosensitisation (Table 1 ). In comparison, only 22.5% (20/89) reported cases, were diagnosed or suspected to be primary (Type I) in nature. Only 9.0% (8/89) reported cases of outbreaks in the US, UK, New Zealand, Ireland, and France, were diagnosed or suspected as congenital (Type II) photosensitisation (Fig 4) .
Common aetiological agents were reported in multiple locations globally (Fig 5) . For example, Brachiaria decumbens has been reported as a causal agent in Brazil, Colombia, and Nigeria; various species of the Panicum genus of grasses have been identified as causal agents in outbreaks of photosensitisation in Australia, Brazil, Iran, and the United States; P. chartarum, a fungus that produces a specific mycotoxin called sporidesmin, was reported as an aetiological cause of hepatogenous photosensitisation in Australia, New Zealand, South Africa, Turkey, and the United States; Tribulus terrestris was reported as a causal species in Australia, Iran, and Turkey. Certain species were found to have a more contained geographical distribution, for example, F. humboldtiana, a primary photosensitising plant, was identified in six cases solely occurring in Brazil. Biserrula spp., an annual legume from the Mediterranean [102] , was reported as a causative agent of primary photosensitisation only in Australia (Table 1, Fig 5) .
Congenital cases of photosensitisation accounted for the least number of outbreaks which were restricted to the United Kingdom (4), France (1), Ireland (1), New Zealand (1), and the United States (1) ( Table 1) .
Causative agents of photosensitisation in Australia
Analysis of published photosensitisation case reports in Australia alone, taking both peerreviewed and non peer-reviewed reports together, identified that outbreaks of photosensitisation in livestock related to ingestion of the Panicum genus of grasses were the most commonly reported aetiology in this region (18/94, 19 .1%, Fig 6) . The second most common confirmed aetiological agent was Lantana spp. (15/94, 16 .0%). The soil-borne ubiquitous fungus P. chartarum also accounted for a significant proportion of analysed case reports (14/ 94, 14.9%). These three agents represented the confirmed aetiological causes of the majority of photosensitisation cases reported in Australia (47/94, 50%).
Livestock morbidity related to photosensitisation type
Calculation of the morbidity (affected / flock number) and mortality (deaths / flock number) was compared between peer-reviewed reports (78 reports in total, Table 1 ) or non-peer reviewed reports (88 reports in total, Table 2 ) where the aetiological agent had been specified. The extracted data was visualised using a violin plot (Fig 7) . This analysis showed a wide variation in morbidity and mortality between the two publication modalities with the peer reviewed publications showing higher figures for morbidity than those in non-peer reviewed publications. No photosensitisation related deaths were in outbreaks of congenital photosensitisation, and analysis showed that hepatogenous photosensitisation exhibited wider variation in morbidity and mortality than outbreaks of primary photosensitisation (Fig 7) . Specifically, of the 26 peer-reviewed reports that described mortality related to photosensitisation, 25 were hepatogenous in nature. Only one mortality was associated with an outbreak of primary photosensitisation whilst none were associated with congenital cases (Fig 7a) . Morbidity varied greatly ranging from 5-100% (Fig 7b) .
Discussion
Photosensitisation outbreaks are commonly reported in Australasia, Brazil and the United States
Reporting bias was implicit in the method used for report extraction and data compilation in this study as only reports with a full text or abstract in English were selected for review and this fact explains, in part, the high numbers of case reports identified in Australia and the United States specifically. Each of these countries has a strong track record in scientific publication in the veterinary field, produces large numbers of sheep and cattle, also the most frequently reported livestock species in photosensitisation outbreaks ( Table 1, Fig 2) , and relies significantly on livestock production for export. The number of reported cases from Europe as a whole was relatively low with only 12 articles found in the literature for this region. This finding suggests that photosensitisation is less of an issue for European farming systems compared to those of Australia, New Zealand, Brazil, and the US. Differences in climate [13] [14] [15] [16] [17] , farming practices [12] , availability of nontoxic pasture species and native or invasive weed species [103, 104] associated with primary or secondary photosensitisation are likely to be playing a key role in this finding. However, the study selection criteria also would have been biased for publications from a large number of European countries as well. It possible that some photosensitisation outbreaks have been reported in native language publications, which would not have been selected due to by the filtering process. Nevertheless, the large number of case reports published in Brazil, identifying a diverse range of plant species as causally related to outbreaks of photosensitisation (Table 1, Fig 2) , suggests that publication language barrier is not necessarily an obstacle to presentation of case reports in the literature, where English is the common language of scientific publication.
Hepatogenous photosensitisation is common in domestic livestock
This report identifies hepatogenous photosensitisation to be the most common presentation of clinical photosensitisation in livestock (Fig 4) , a finding in agreement with the general scientific literature [2] . Although inter-species and intra-species variation in sensitivity to photosensitising agents exists, toxic plants and organisms capable of causing outbreaks in domestic livestock should also be considered a potential risk to all grazing herbivores. This is particularly the case for native wildlife where plant-related outbreaks of hepatogenous photosensitisation have been reported in kangaroos and wombats [105] [106] [107] .
Congenital (Type II) photosensitisation was rarely identified in the published literature (8/ 89 reports) in this study. Congenital erythropoietic protoporphyria has only been reported in cattle, and only in a small number of countries in Europe as well as the United States and New Zealand. This likely reflects the common ancestry of many cattle herds in aforementioned two countries with animals largely exported to these regions from the United Kingdom, and therefore the reliance on a small genetic pool of beef cattle in particular [90, 93] . Interestingly, despite presenting with the highest number of peer-reviewed case reports, no congenital photosensitisation cases have yet been reported in Australia. This is likely a reflection of the selectivity of Australian livestock import systems and reliance on a highly conserved gene pool present in the cattle imported into this jurisdiction.
Photosensitisation shows highly variable morbidity and mortality worldwide
A high degree of variability was reported for both morbidity and mortality in outbreaks of both primary and hepatogenous photosensitisation (Tables 1 & 2, Fig 7) . This further suggests the difficulty of attributing an overall economic impact of photosensitisation to the global livestock industry, since the severity and magnitude of each outbreak is multifactorial and can differ significantly. An additional confounding factor is that higher mortality rates were recorded in hepatogenous photosensitisation found in peer-reviewed case reports compared to those reported in non-peer reviewed publications (Fig 7a) , suggesting that only the most severe photosensitisation outbreaks were selected to be published by attending clinicians. This supports the author's anecdotal findings that the majority of photosensitisation outbreaks are either submitted for publication in non peer-reviewed publications, or are not reported in print at all.
Prevalence of photosensitisation case reports in Australia
Outbreak reports in this analysis represent a bias towards Australia. Certain countries, such as New Zealand, are also known anecdotally to have a high incidence of photosensitisation. The incidence of New Zealand may be underrepresented in this review as the available reporting systems for these outbreaks are not as apparent as Australia, where there is a strong network of government veterinarians and good mechanisms for the presentation of non peer-reviewed case reports. It is also widely acknowledged that the more common a disease, the less a producer is likely to request the services of a veterinarian for diagnoses, and the less a veterinarian is likely to report the outbreak formally.
Australia has experienced outbreaks of primary photosensitisation that are specific and unique to this region. One examples is photosensitisation caused by the pasture legume Biserrula pelecinus, although a native of the southern Mediterranean, it is exclusively used as a livestock fodder only in Australia [102] where this pasture legume is now clearly identified as causing outbreaks of primary photosensitisation [37, 38] . Outbreaks that have never been recorded in its native domains where it grows as a native only in mixed swards. The specific need to identify drought tolerant, hardy annuals to fill the summer feed gap in Australian livestock production systems therefore resulted in introduction of pasture species that has selectively caused livestock toxicity [108] . This situation is not unique to Australia but this is the first clearly correlated example of an introduced species being propagated for pasture fodder which then gives rise to consistent outbreaks of primary photosensitisation in production livestock.
The majority of reports of photosensitisation cases in Australia reported in this review were located were in two states: New South Wales and Victoria (Fig 3) . The disproportionate representation of these two states in this dataset is a reflection of a) the relatively high number of primary beef and lamb producers operating in these two states in Australia, and b) reporting bias due to availability of non-peer reviewed case reports presented in producer publications such as 'Flock and Herd' (a NSW publication). However, this relative over-reporting in our view does not rule out our findings that under-reporting of clinical outbreaks is still occurring in Australia due to the perception that photosensitisation is 'common' in production flocks and herds (Y. Chen, survey of Australian veterinarians, unpublished data). Both states also showed a higher prevalence of causes related to Panicum genus of grasses and P. chartarum. Outbreaks in Queensland, by comparison, were mainly related to ingestion of the toxic weed species Lantana spp. These different causal species profiles suggest that environmental adaptation of such invasive plants is critical to their establishment and therefore the prevalence of toxicity associated with them [12, 109] .
An interesting finding that emerged from analysis of the non peer-reviewed Australian literature in this study was the identification of C. echinatus (rough dog's tail) as a putative causative agent in outbreaks of hepatogenous photosensitisation from eight separate reports in Victoria and Western Australia (Table 2) . Despite its common appearance in the non peerreviewed literature, this plant has not been formally confirmed to be associated with an outbreak of photosensitisation [110] where controlled feeding trials have been unable to confirm C. echinatus as causing hepatotoxic damage sufficient to cause secondary clinical photosensitivity [111] . This contradictory evidence further suggests that anecdotal case reports should be viewed cautiously until true causality has been proven, as many epidemiological investigations focus on commonalities rather than specifics in outbreak patterns. In cases of photosensitisation a causal relationship between the clinical signs and the suspected agent(s) cannot be assumed to be proven until a direct or evidence-based causation can be established.
Objective measurement of clinical signs of photosensitisation in domestic species
Morbidity in outbreaks of photosensitisation, of all underlying aetiological causes, was found to be highly variable in the literature. This variation is likely to be caused by reporting error by the producer or veterinarian based on inconsistent identification of affected animals. One issue that may have hampered accurate identification of the number of animals affected in outbreaks is the fact that mild cases are commonly overlooked by both the producer and veterinarian, therefore under-reporting of morbidity is likely to occur. Previously, no objective photosensitisation scoring protocol had been defined in literature resulting in prevalence and severity of affected animals to be hard to compare between outbreaks. Recently, a semi-objective photosensitisation grading system has been developed for sheep to address this issue [37] . The use of such a grading system in future outbreaks will allow better correlation between access to potentially photosensitising pastures or feedstuffs with more accurate determination of the timing of onset of outbreaks, as well as a more definitive and consistent identification of the severity of the condition. Furthermore, a mechanism for de novo case reporting related to known causal agents, not just those that are novel or unusual, (such as seen with the publication 'Flock and Herd' or via an incidence register) would better document the prevalence, and therefore economic impact, of photosensitisation globally.
Conclusions
Photosensitisation is a common, but likely underreported, entity in the literature. Hepatogenous photosensitisation is by far the most common presentation. Some species, the Panicum genus of grasses and Pithomyces chartarum in particular, consistently were reported in photosensitisation cases. Novel species are also implicated in outbreaks of photosensitisation, including pasture legumes Biserrula pelecinus, but primary photosensitisation is a rare occurrence in general. Significant variation in both morbidity, mortality and severity was observed in both peer-reviewed and non-peer reviewed reports. Variations in reported outbreaks may reflect true differences in morbidity rates between aetiological agents, but may also be partly due to the fact that mild presentations are overlooked, and lesions are not consistently graded by an unified standard. Together, our findings help identify the aetiology and geographical patterns, the plant and animal species implicated, and morbidity and mortality patterns of photosensitisation in livestock globally. This suggests that control of pasture species or weeds known to cause toxic outbreaks would have a significant impact on the prevalence of the condition in livestock globally, but also particularly in Australia, Brazil, and the United States where these outbreaks appear to be more common. 
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